Microglia are the main immune cells in the brain and have roles in brain homeostasis and neurological diseases. Mechanisms underlying microglia-neuron communication remain elusive. Here, we identified an interaction site between neuronal cell bodies and microglial processes in mouse and human brain. Somatic microglia-neuron junctions have a specialized nanoarchitecture optimized for purinergic signaling. Activity of neuronal mitochondria was linked with microglial junction formation, which was induced rapidly in response to neuronal activation and blocked by inhibition of P2Y12 receptors. Brain injury-induced changes at somatic junctions triggered P2Y12 receptor-dependent microglial neuroprotection, regulating neuronal calcium load and functional connectivity. Thus, microglial processes at these junctions could potentially monitor and protect neuronal functions.
M icroglia are the main immunocompetent cells of the nervous system and their role in brain development and maintenance of proper neuronal function throughout life is widely recognized (1, 2) . Changes in microglial activity are linked with major human diseases, including different forms of neurodegeneration, stroke, epilepsy, and psychiatric disorders (3, 4) .
Microglia perform dynamic surveillance of their microenvironment using motile microglial processes that constantly interact with neurons (5, 6) . However, the molecular mechanisms of bidirectional microglia-neuron communication are unclear. To date, most studies have focused on the interactions between microglial processes and synaptic elements, including axonal boutons and dendritic spines, which have commonly been perceived as the main form of interaction between microglia and neurons (7, 8) . However, neurons are extremely polarized cells with a high degree of functional independence concerning metabolism and signal integration in their dendritic and axonal compartments (9) (10) (11) . The large-scale structure of neurons (i.e., their cell body and axonal or dendritic branches) in the brain is relatively stable under most conditions. In comparison, small synaptic structures such as dendritic spines and axonal boutons are often distant from neuronal cell bodies and are highly dynamic. Therefore, the interactions between microglia and synapses may not fully explain how microglia are capable of monitoring and influencing the activity of neurons or how early events of cellular injury in the perisomatic compartment are detected. This may be particularly relevant for the migration and differentiation of neural precursors, cell survival and programmed cell death, adult neurogenesis, and the phagocytosis of damaged neuronal cell bodies (12) (13) (14) (15) . It is not understood how microglia could monitor neuronal status over years or even decades and discriminate salvageable neurons from irreversibly injured cells mainly on the basis of changes occurring at distant synaptic structures.
To understand the possible mechanisms of effective communication between microglia and neurons, we tested the hypothesis that specialized junctions on neuronal cell bodies may support the dynamic monitoring and assistance of neuronal function by microglia.
Microglial processes contact specialized areas of neuronal cell bodies in mouse and human brains
To visualize microglia together with cortical neurons and to study microglia-neuron interactions in the intact brain in real time, CX3CR1 +/GFP microglia reporter mice were electroporated in utero with pCAG-IRES-tdTomato plasmid ( fig. S1A ). In vivo two-photon (2P) imaging revealed microglial processes contacting the cell bodies of cortical layer 2 to 3 neurons in the adult brain (Fig. 1, A and B , and movie S1). Microglial processes preferentially returned to the same areas on the neuronal soma (observed in 23 neurons out of 28 from 3 mice). The average lifetime of somatic microglianeuron contacts was 25 min; some contacts persisted for >1 hour ( fig. S1B ), whereas dendritic contacts had a significantly shorter lifetime of 7.5 min (Fig. 1C ; p = 0.00035; n = 26 contacts from 3 mice), similar to that reported for synaptic contacts (16) . Post hoc confocal laser scanning microscopy (CLSM) and electron microscopic analysis further validated the direct interaction between microglial processes and the cell bodies of cortical pyramidal neurons ( Fig. 1D and fig. S1 , C and D), which we named somatic microglial junction. Similar interactions were present on well-characterized interneuron populations, namely type 3 vesicular glutamate transporter-positive (vGluT3 + ) and parvalbumin-expressing (PV + ) cells in the neocortex and the hippocampus ( fig. S1E ). Somatic microglia-neuron junctions were also observed in the human neocortex ( Fig. 1E ). Somatic microglial junctions were present on 93% of cortical pyramidal neurons, 95% of vGluT3 + neurons, and 89% of PV + interneurons in mice (n = 443 cells from 4 mice). Despite the well-established microglial regulation of neuronal synapses, only 9% of glutamate-releasing and 11% of g-aminobutyric acid (GABA)-releasing synapses were associated with microglial processes ( Fig. 1F and fig. S1F ; n = 1183 synapses from 4 mice). Eighty-seven percent of neurons in the human neocortex received microglial contact with their cell body ( Fig. 1 , E and F; n = 170 cells from 3 patients). We also tested the possible presence of somatic microglial junctions in subcortical areas. Ninety-eight percent of neurons in the caudate putamen, 91% of neurons in the nucleus reticularis gigantocellularis, and 96% of neurons in the medial septum were contacted by microglial processes (n = 268 cells from 2 mice). Thus, these contacts are evolutionary conserved and present in all main areas of the brain.
Microglia at somatic junctions may sense changes in neuronal state through signals released by exocytosis. In neurons, clustered Kv2.1 proteins are well known to provide exocytotic surfaces by anchoring vesicle fusion molecules to the neuronal membrane (17, 18) . Furthermore, both Kv2.1 and Kv2.2 proteins are involved in forming endoplasmic reticulum (ER)-plasma membrane (PM) junctions (membrane-trafficking hubs) and in anchoring intracellular organelles to the neuronal PM (19) . Microglia contacted neuronal somatic membranes at sites of Kv2.1 and Kv2.2 clustering (Fig. 1G ). The integrated density of Kv2.1 signal at these sites was 96% higher and the density of Kv2.2 signal was 254% higher compared with those without microglial contacts ( Fig. 1H ; p < 0.0001 in both cases; n = 114 and n = 107, respectively, from 3 mice). Eighty-seven percent of all microglia-neuron contacts expressed both types of clusters, 6.3% expressed only Kv2.1 clusters, 4.5% only Kv2.2 clusters, and only 1.8% of contacts were void of any Kv clusters ( Fig. 1I ; n = 111 contacts from 2 mice). Furthermore, 99% of neocortical and 94% of hippocampal CA1-region neurons expressed both Kv2.1 and Kv2.2 channels at the cellular level ( fig. S2 , A to C). The spatial association between Kv2.1 clusters and microglial processes was also observed on human cortical neurons (fig. S1, G and H; n = 21 cells). Because Kv2.1 clusters are implicated in a large number of cellular processes involved in cell-to-cell (21, 22) . ATP (ADP) is a major chemoattractant for microglial processes through the microglial purinoceptor P2Y12 receptor (5, 23) . We thus asked whether signaling through P2Y12 receptor was also essential for microglia-neuron interactions at these somatic junctions. In fact, all microglia, but no other cells in the brain, including perivascular macrophages, were found to be P2Y12 receptor positive ( fig. S3 ), including their processes recruited to somatic junctions ( fig. S3B ). The restriction of P2Y12 receptor expression to microglia within the brain agrees with results of earlier single-cell transcriptomics studies (24, 25) .
To investigate the nanoscale architecture of P2Y12 receptors at somatic microglia-neuron junctions, we used correlated CLSM and STORM superresolution microscopy, which enables the precise assessment of P2Y12 receptor and Kv2.1 clusters at 20-nm lateral resolution (26) . P2Y12 receptors formed dense clusters on microglial processes at somatic junctions directly facing neuronal Kv2.1 clusters ( Fig. 1K ). Unbiased cluster analysis revealed that P2Y12 receptor localization point density and cluster density were both significantly higher on microglial processes inside the junctions than on processes outside the junctions or on the whole microglial cell ( Fig. 1K and fig. S2D ; for detailed statistics and numbers, see table S1). Furthermore, somatic contact-dependent clustering of P2Y12 receptors occurred on both pyramidal cells and interneurons ( fig. S2E ; for detailed statistics and numbers, see table S1). Contact-dependent molecular clustering, however, could not be observed in the case of the microglial calcium-binding protein Iba1 ( fig. S2F ). Contact-dependent P2Y12 receptor clustering was specific to somatic junctions, and immunogold density was 62% lower on microglial membranes contacting boutons than on those contacting somata ( fig. S2G ; p = 0.0002; n = 26 contacts from 3 mice). Thus, we suggest the existence of a functionally specialized yet ubiquitous communication site between P2Y12 receptor-positive microglial processes and neuronal cell bodies.
Somatic microglia-neuron junctions have a specific nanoarchitecture and molecular fingerprints
To further investigate the ultrastructural features of somatic microglia-neuron junctions, we performed transmission electron microscopy and high-resolution electron tomography with three-dimensional (3D) reconstruction. P2Y12 receptor immunogold labeling confirmed the formation of direct junctions between microglial processes and neuronal somata both in mice ( Fig. 2A ) and in postmortem human brain tissue ( fig. S4A ). Microglia-neuron junctions were composed of closely apposed mitochondria, reticular membrane structures, intracellular tethers, and associated vesicle-like membrane structures within the neuronal cell body ( Fig.  2A ). 3D electron tomography confirmed this nanoarchitecture in neurons ( Fig. 2B and movies S3 and S4). These morphological features were not observed in perisomatic boutons contacted by microglia. Furthermore, automated 3D analysis of tomographic volumes showed that P2Y12 receptor density negatively correlated with the distance between microglial and neuronal membranes within the junctions (Fig. 2 , C and D, and fig. S4C ; p < 0.001; n = 13,055 points from 3 contacts). We also compared P2Y12 receptor density between microglial membrane surfaces establishing junctions with neuronal somata and adjacent surfaces (within a few micrometers) that contacted boutons or other neuronal elements. We detected a significantly higher P2Y12 receptor density at microglial membranes directly contacting neuronal cell bodies ( Fig.  2E and movie S5; p = 0.00115; n = 24 surfaces). This suggests an important role for purinergic signaling in the formation of somatic microglianeuron junctions.
We also observed discrete intercellular structures resembling cell-adhesion molecules in the extracellular space that connected the membranes of microglia and neuronal cell bodies (average length 23.5 ± 3.1 nm; n = 89 from 3 mice; fig. S4B ). This falls in the range of the size of integrins expressed by microglia (27, 28) or the width of immunological synapses between peripheral immune cells (29) . Mitochondria-associated membranes (MAMs, average distance: 19.5 nm; n = 104 from 3 mice; fig. S4B ) were observed (30) and discrete tethers between mitochondria and MAMs were also visible (movie S4).
We hypothesized that mitochondrial ATP production and changes in neuronal activity could trigger microglial process recruitment. Thus, we investigated the possible enrichment of neuronal mitochondria at microglial junctions on a large sample size using an unbiased, semiautomatic analysis of the outer mitochondrial membrane protein TOM20. TOM20 immunofluorescent intensity was 420% higher at somatic junctions compared with adjacent areas (Fig. 2 , F and G; p < 0.001; n = 14 contacts from 2 mice), confirming the strong accumulation of neuronal mitochondria at the somatic junctions. TOM20-positive vesicles were observed between mitochondria and the neuronal membrane in addition to TOM20-negative vesicles ( Fig. 2H and fig. S4 , E and F). This may suggest trafficking and possible exocytosis of mitochondria-derived vesicles (31) at somatic microglial junctions. Mitochondria-derived vesicles (MDVs) often integrate into the endolysosomal pathway (31) , and these vesicles are positive for the lysosomal marker LAMP1 (32) . Indeed, LAMP1-positive puncta were closely associated with 83.3% of all Kv2.1 clusters at somatic junctions ( fig. S4G ; n = 72 contacts from 2 mice), suggesting the release of MDVs and lysosomal content at these junctions.
Kv2.1-immunogold clusters were tightly associated with the observed neuronal structures (i.e., closely apposed mitochondria, MAMs, ER, vesicle-like structures, cytoplasmic densities) within these junctions ( fig. S4D ). Similarly to our CLSM results (fig. S1I), Kv2.1 nanoclustering was not affected by the absence of microglia ( fig. S4D ). These structures may function as mitochondria-related signaling hubs in neurons that microglia can recognize. Vesicular release of mitochondria-derived ATP from neurons may occur in a vesicular nucleotide transporter (vNUT)-dependent manner (33, 34) . Indeed, vNUT signal intensity was 2.5 times higher in the vicinity of the neuronal membranes at somatic microglia-neuron junctions compared with areas outside the junctions ( Fig. 2I ; p = 0.002; n = 15 contacts from 2 mice). Neuronal vNUT labeling was concentrated between mitochondria and the microglia-contacted neuronal membranes ( Fig. 2J ).
Kv2.1 or vNUT signal was not present in perisomatic axon terminals (GABA-releasing synaptic boutons), including those contacted by microglial processes (fig. S4, H and I; n = 220 boutons for Kv2.1 and n = 194 boutons for vNUT from 2 mice), confirming again that these molecular fingerprints were associated with somatic microglia-neuron junctions.
Physiological microglia-neuron communication at somatic junctions is P2Y12 receptor dependent and linked with neuronal mitochondrial activity Next, we aimed to test whether microglial process recruitment to somatic junctions was functionally linked with the activity of mitochondria in neurons. To this end, CX3CR1 +/GFP mice were electroporated in utero with the mitochondria-targeted CAG-Mito-R-Geco1 reporter construct ( fig. S5A ). Again, we observed the involvement of somatic mitochondria in microglial junctions (Fig. 3A) . In vivo 2P imaging was performed to monitor microglial process recruitment to neuronal mitochondria in the cerebral cortex ( Fig. 3B ). As expected, recruited microglial processes came into close apposition with neuronal mitochondria. These processes stayed in the vicinity of neuronal mitochondria for~29 min in vivo ( Fig. 3B and movie S6; n = 25 contacts on 19 neurons from 3 mice, median value), closely matching the value measured in tdTomato-electroporated mice (Fig. 1C ). To study the functional relationship between microglial junction formation and activity of neuronal mitochondria, we assessed intracellular changes of the metabolic electron carrier nicotinamide adenine dinucleotide (NADH) (35) in coronal slices of visual and somatosensory cortices from CX3CR1 +/GFP mice. Intracellular NADH fluorescence showed a granular pattern, indicating a mitochondrial NADH source. Indeed, the NADH signal colocalized with the Mito-R-Geco1 signal, confirming its mitochondrial origin ( fig. S5C ). To search for somatic junction formation, we performed 2P imaging, which allowed us to track the movement of microglial processes and monitor cytosolic NADH in viable layer 2/3 neurons simultaneously ( fig. S5D ). We detected apparent increases in NADH intrinsic fluorescence ( Fig. 3 , C and E; p = 0.024; n = 10 cells) in parallel with the formation of somatic microglial junctions. By contrast, we found no changes in the mean intrinsic NADH fluorescence detected at neuronal somata contacted by microglial processes in P2Y12 receptor −/− tissue (Fig. 3 , D and E; p = 0.3; n = 11 cells). Thus, microglial process recruitment to somatic junctions is linked to the metabolic activity of neuronal mitochondria through a P2Y12 receptor-dependent mechanism.
The molecular machinery and intercellular interactions identified above suggested the involvement of purinergic signaling in these somatic junctions. To test whether neuronal somata could release ATP at these sites, we conducted a series of in vitro experiments. Quinacrine-labeled ATP-containing vesicles localized between neuronal mitochondria and neuronal membranes were present at sites where microglial processes contacted neuronal Kv2.1 clusters in microglia-neuron cocultures (Fig. 3F ). Quinacrine labeling also colocalized with vNUT signal (Fig. 3F ), as previously demonstrated for neurons (33) . Next, we tested whether neuronal activity could release ATP-containing vesicles from neuronal cell bodies. KCl (40 mM) stimulation induced a rapid membrane depolarization and calcium influx in cultured neurons ( fig. S5E ; n = 23 cells for FluoVolt measurements, n = 20 cells for Rhod3 measurements). CLSM in vitro time-lapse imaging confirmed that quinacrinelabeled (ATP-containing) vesicles were released from neuronal cell bodies after KCl stimulation (Fig. 3 , G and H; 880% increase in release events after KCl versus a 27% decrease after vehicle; n = 13 cells). Size analysis confirmed that the smaller vesicles were released [ Fig.  3I ; median diameter of released vesicles was 0.37 mm and that for retained vesicles was 0.59 mm (n = 118 puncta), similar to previous reports (33) ]. The larger vesicles were identified as mitochondria by their uniform TOM20 labeling ( Fig. 3I ; median diameter of vesicle labeling was 0.45 mm and that for mitochondrial labeling was 1.2 mm; n = 83 puncta).
Next, we applied high-sensitivity highperformance liquid chromatography (HPLC) to detect the levels of released ATP in the medium (Fig. 3J ). KCl induced a robust ATP release in cultured neurons (p = 0.0218; n = 11), which was not inhibited by a mixture of the synaptic calcium-channel blockers w-agatoxin and w-conotoxin (p = 0.6532; n = 11), but was almost completely inhibited by the L-type calcium-channel blocker nimodipine [known to be important for somatic vesicular release (36); p = 0.0271; n = 10] or the vNUT inhibitor clodronate (p = 0.0284; n = 10). These data confirmed the presence of an activity-dependent somatic ATP release from neurons. Because the main ligand for microglial P2Y12 receptors is ADP, we tested the possible presence of nucleosidase expression at microglia-neuron contacts. Using CLSM and electron microscopy, we found robust NTPDase1 expression on 99.6% of all microglial processes within the somatic junctions ( Fig. 3K ; n = 275 contacts from 2 mice). Thus, neuron-derived ATP can readily be converted into ADP and sensed by microglia right within the somatic junctions. Because microglial processes are in a position at the somatic junctions to sense neuronal activity, we further explored the signaling mechanisms at these sites in vivo using 2P imaging in CX3CR1 +/GFP microglia reporter mice that were electroporated in utero with the neuronal reporter pCAG-IRES-tdTomato (Fig. 4, A  and B ). Intra-cisterna magna administration of the potent and selective P2Y12 receptor inhibitor PSB0739 (PSB) reduced somatic junction lifetime by 45% but did not affect the lifetime of dendritic microglia-neuron contacts ( Fig. 4C , control somata versus PSB somata; p = 0.0331; n = 40). We also tested synapse density after acute intra-cisterna magna administration of vehicle (control) or PSB. PSB treatment did not alter neocortical synapse numbers ( fig. S6G ; 0.353 synapses/mm 2 in control somata and 0.352 synapses/mm 2 in PSBinjected somata; n = 423 appositions from 4 animals). Because the maintenance of somatic microglia-neuron junctions depends on physiological P2Y12 receptor function, we tested whether microglia would react directly to changes in neuronal activity. We induced neuronal activation by using the chemogenetic DREADD (designer receptor exclusively activated by designer drug) approach. pAAV carrying the hSyn-hM3D(Gq)-mCherry construct was injected into the cerebral cortex of P2Y12 receptor +/+ and P2Y12 receptor −/− mice that had been crossed with CX3CR1 +/GFP mice to visualize microglial responses in the presence or absence of P2Y12 receptor signaling (fig. S5 , F and G). After intraperitoneal injection of clozapine-N-oxide (CNO) to induce hM3D(Gq)-DREADD activation, we observed a 234% increase in neuronal cFos signal compared with vehicle treatment ( fig. S5H ; p < 0.001; n = 100), confirming a specific and robust neuronal activation.
Chemogenetic neuronal activation resulted in an increased microglial process coverage of the soma of DREADD-and cFos-coexpressing neurons in P2Y12 receptor +/+ mice ( Fig. 4D ; 243% of control, p = 0.0139; n = 101 neurons from 8 mice), but not in P2Y12 receptor −/− mice ( Fig. 4E ; 133% of control, p = 0.7497; n = 85 neurons from 6 mice). We also tested the effect of acute central pharmacological blockade of microglial P2Y12 receptors ( Fig. 4F ) and found that PSB injected intra-cisterna magna completely abolished the neuronal activityinduced increase in microglial process coverage ( Fig. 4G; 72 .34% lower process coverage in CNO+PSB than in CNO+vehicle, p < 0.001; n = 124 neurons from 6 mice). Thus, microglia dynamically react to changes in neuronal activity at somatic microglia-neuron junctions in a P2Y12 receptor-dependent manner, leading to a rapid increase of somatic coverage by microglial processes.
Microglia protect neurons after acute brain injury in a P2Y12 receptor-dependent manner through altered somatic junctions
Because somatic microglia-neuron junctions were abundant in the healthy brain, we next investigated whether these morphofunctional communication sites were altered in response to brain injury. Microglia are known to respond rapidly to changes in neuronal activity in the boundary zone of the infarct after stroke (37) . Thus, we performed experimental stroke and delineated the evolving penumbra on the basis of the metabolic activity of the tissue as assessed by the redox indicator tetrazolium chloride coregistered with the immunofluorescent signal for MAP2 and microglia ( fig. S6A ). We observed the fragmentation of mitochondria (Fig. 5A, 74% decrease of individual mitochondrial area, 46% decrease of mitochondrial major axis; p < 0.001 for both; n = 189 mitochondria) and an almost complete declustering of Kv2.1 proteins in morphologically intact penumbral neurons ( Fig. 5B and  fig. S6E , from 4 to 0 median clusters/crosssection and from 0.0947 to 0 clusters/mm in control and stroke, respectively, p < 0.001; n = 58 cells). These morphological changes were accompanied by a robust increase in the microglial process coverage of neuronal cell bodies originating from somatic microglianeuron junctions in both mice and human postmortem brain tissues (Fig. 5, B to E; mouse: 3.8-fold increase, p < 0.001; n = 30 neurons; human: 1.5-fold increase, p = 0.007; n = 249 neurons). Acute intra-cisterna magna administration of the P2Y12 receptor inhibitor PSB or preventing mitochondrial injury by using the mitochondrial ATP-sensitive potassium (KATP) channel opener diazoxide (38) completely abolished stroke-induced increases in microglial process coverage around somatic junctions (Fig. 5D , control versus stroke: p < 0.001, PSB control versus PSB stroke: p = 0.792, diazoxide control versus diazoxide stroke: p = 0.053; n = 140 neurons). The viability of the examined neurons with increased microglial process coverage was confirmed by normal chromatin structure and membrane integrity ( fig. S6, B and C) . Transmission electron tomography also confirmed increased microglial process coverage and mitochondrial fragmentation of neurons (Fig. 5C) .
To test the impact of P2Y12 receptordependent microglial functions on neuronal viability in vivo, we investigated pharmacological inhibition of P2Y12 receptor by injection of PSB intra-cisterna magna before middle cerebral artery occlusion (MCAo). Inhibition of microglial P2Y12 receptor prevented increases in microglial process coverage of neuronal cell bodies in the penumbra and altered functional connectivity in the brain as assessed by a widefield-imaging approach in Thy1-GCaMP6s mice (Fig. 5, F and G ). An absence of P2Y12 receptor signaling significantly increased the area of functional disconnection (global connectivity < 0.6) in the ipsilateral hemisphere during ischemia, accompanied by a trend toward elevated neuronal calcium load ( Fig. 5F and  fig. S6F ; p = 0.0439; n = 17 mice). Seed-based connectivity analysis revealed a significant increase in the contralateral sensory hindlimb area after reperfusion in PSB-treated animals. Moreover, connectivity analysis of 14 functional areas revealed a substantial and widespread increase in connectivity strength in the absence of microglial P2Y12 receptor signaling ( Fig. 5G ; p = 0.0077; n = 7 mice).
To examine the effect of P2Y12 receptor inhibition at the single-neuron level in the evolving ischemic penumbra in vivo, we investigated GCaMP6f-injected mice with 2P microscopy. In control mice, neuronal GCaMP6f signal remained unchanged for the first 90 min of reperfusion, whereas blockade of microglial P2Y12 receptors with PSB resulted in a strong elevation in neuronal calcium load ( Fig. 5H ; p < 0.0001; n = 96 neurons from 3 mice). This corroborated the findings obtained from the widefield-imaging approach at the cellular level as well. Furthermore, P2Y12 receptor inhibition significantly increased lesion volume at 24 hours reperfusion ( Fig. 5I ; 54% increase, p = 0.008; n = 20 mice) and resulted in worse neurological outcome ( Fig. 5I ; Bederson score, stroke: 1.7 ± 0.26; stroke+PSB: 2.5 ± 0.224, p = 0.033; n = 20 mice). To investigate the duration of the PSB effect in vivo, 2-hour-long imaging sessions were performed with 2P microscopy 1 to 3 hours and 24 to 26 hours after intra-cisterna magna PSB injection (n = 173 contacts analyzed from 3 mice). The lifetime of somatic junctions was significantly reduced by up to 3 hours after PSB administration (56.3% of lifetime under baseline conditions, p = 0.0139), whereas there was no effect observed 1 day later (93.8% of lifetime under baseline conditions), suggesting an acute effect of intra-cisterna magna PSB (fig. S6, H and I) . The acute effect of PSB was also confirmed by the histological measurements performed 4 hours after MCAo (Fig.  5D ). To verify that PSB injected intra-cisterna magna only inhibited microglial P2Y12 receptors, and not those expressed by circulating platelets, we measured ADP-induced platelet activation in plasma samples 1 hour after MCAo, when blood-brain barrier injury is apparent (37, 39, 40) . ADP-induced increases in platelet CD62P were not altered in mice treated with intra-cisterna magna PSB compared with vehicle-treated animals ( fig. S5J ).
Disintegration of somatic microglia-neuron junctions after neuronal injury triggers increased microglial process coverage of the cell bodies of compromised but potentially viable neurons through P2Y12 receptor and mitochondrial signaling. This could allow the initiation of protective microglial responses that limit brain injury.
Discussion
Here, we describe a form of interaction between microglia and neurons. Under physiological conditions, somatic microglia-neuron junctions were present on most of the neurons in both mice and humans. The junctions appeared to function as communication sites that are rapidly altered in response to brain injury. We propose that microglia constantly monitor neuronal status through these somatic junctions, allowing neuroprotective actions to take place in a targeted manner.
Sites of somatic junctions in neurons were preferentially and repeatedly contacted by microglia. Such interactions had much longer lifetimes compared with the microglial contacts targeting dendrites. In previous studies, the proximity between microglial cell bodies or processes with neuronal somata has been observed in zebrafish and mice (41, 42) . However, the formation of direct membrane-tomembrane junctions, the molecular identity of neuronal membranes contacted, activitydependent recruitment of microglial processes to neuronal cell bodies, the mechanisms of junction formation, and the function of somatic microglia-neuron interactions have not been addressed. Therefore, we took advantage of cutting-edge neuroanatomical approaches and discovered that somatic microglia-neuron junc-tions are characterized by specific ultrastructural and molecular composition. These morphological and molecular features are absent in perisomatic boutons contacted by microglia, suggesting that the main form of neuronal quality control by microglial processes is not mediated by interactions between microglia and perisomatic axon terminals.
Mitochondria are the primary energy generators in cells, playing fundamental roles in calcium homeostasis, intracellular signaling (43, 44) , and neuronal quality control (45) , as well as in determining cellular fate (46) . Although neuronal mitochondria are also considered "immunometabolic hubs" involved in antigen presentation and the regulation of innate immune responses (47, 48) , changes in mitochondrial function caused by metabolic imbalance, oxidative stress, inflammation, cellular injury, or cell death occur in most neuropathological states (49) . MAMs are also considered to be key integrators of metabolic and immunological signals, playing a central role in neurodegeneration and cell-fate decisions (30, 50, 51) . Thus, somatic mitochondria and MAMs are ideally positioned to report neuronal status to microglia and to mediate neuronal quality control. Consistent with this, we show that the recruitment of microglial processes to somatic junctions in the vicinity of neuronal mitochondria is linked with mitochondrial activity. This may indicate rapid sensing of mitochondrial activity-associated changes of neurons by microglial processes through the release of ATP and other mediators or the impact of microglia-derived substances on neuronal activity and/or mitochondrial function at somatic junctions. Neurons can execute somatic ATP release through pannexin hemichannels, voltage-dependent anion channels, or activity-dependent vesicle exocytosis (21, 22, 36) . vNUT is known to be responsible for somatic vesicular ATP release in neurons (34) . In fact, we demonstrated the enrichment of vNUT between neuronal mitochondria and the somatic membranes contacted by microglia and, using time-lapse imaging and HPLC measurements, we confirmed the presence of activity-dependent somatic ATP release from neurons that was blocked by vNUT inhibition. TOM20-positive mitochondria-derived vesicles and other vesicles were also observed within the neuronal cytoplasm at somatic microglianeuron junctions, together with the enrichment of LAMP1-positive lysosomes, which could, together with the released ATP, provide a constant readout of neuronal activity and mitochondrial function as seen in neurons and other cells (31, 52) . The strong enrichment of vNUT in these contacts, the existence of an activity-and vNUT-dependent somatic ATP release, the presence of filamentous cytoplasmatic structures connecting vesicles to the core of the junction, the presence of TOM20 immunogold-positive vesicles within the contacts attached to the neuronal PM, the close association of neuronal lysosomes, and the massive accumulation and nanoscale clustering of exocytosis-promoting Kv2.1 proteins within these contact sites collectively indicate the convergence of multiple parallel vesicular exocytotic pathways at somatic microglia-neuron junctions.
Kv2.1 channels are major regulators of neuronal potassium levels. However, they tend to assemble into discrete clusters on the surface of neurons, where they do not function as ion channels, but rather provide sites for intensive membrane trafficking as exocytotic and endocytotic hubs (17, 18, 53) . Furthermore, Kv2.1 clusters are known to induce stable ER-PM junctions (53) , anchoring MAMs and mitochondria into these morphofunctional units and providing an ideal site for the release of mitochondria-associated messenger molecules (31) . The functional importance of these interactions is confirmed by our results showing that Kv2.1 clusters on transfected HEK cells readily induced the formation of microglial process contacts to these clusters, which could not be observed on HEK cells transfected with the dominant-negative mutant Kv2.1. Furthermore, microglial P2Y12 receptor clusters were precisely aligned with neuronal Kv2.1 clusters at somatic junctions.
The activation of P2Y12 receptors was mainly associated with injury or pathological states in previous studies and was considered negligible for physiological microglial surveillance on the basis of ex vivo studies (54) . Compared with normal extracellular ATP levels in the brain, high levels of ATP (1 mM) were shown to induce P2Y12 receptor-dependent microglial recruitment, similar to that seen during microglial phagocytosis or in models of synaptic plasticity, whereas microglial surveillance is considered to be P2Y12 receptor independent (54, 55) . Our in vivo results refine this view and highlight the importance of the compartment-dependent effects of P2Y12 receptor on microglial process responses: PSB0739 significantly reduced somatic junction lifetime but did not affect the lifetime of dendritic microglia-neuron contacts, whereas it abolished microglial reactions to altered neuronal activity, confirming P2Y12 receptor dependence of microglial actions under physiological conditions. Furthermore, neuronal mitochondrial activity was also linked with physiological microglial P2Y12 receptor activity at these junctions. It is also possible that P2Y12 receptormediated actions are more important for sustaining than for forming somatic junctions during the communication between neuronal somata and microglial processes. The contactdependent clustering of P2Y12 receptors further confirms their involvement in physiological microglia-neuron interactions at somatic junctions. Blockade of microglial P2Y12 receptor left cortical synapse numbers completely unchanged and contact-dependent nanoclustering of microglial P2Y12 receptors was not seen when microglia contacted synaptic boutons. Thus, microglia-neuron interactions at these sites are not only P2Y12 receptor dependent, they are also fundamentally different from those seen at synapses.
The failure of most neuroprotection trials in stroke and other brain diseases strongly indicates the importance of understanding the complexity of pathophysiological processes, including microglial actions. Potentially salvageable neurons around the infarct core may show metabolic activity up to 6 to 17 hours after stroke in patients and experimental animals (56, 57) . Here, Kv2.1 declustering was observed in compromised neurons of the penumbra as early as 4 hours after brain injury, which paralleled mitochondrial fragmentation in neurons and increased microglial process coverage around somatic microglia-neuron junctions. Thus, P2Y12 receptor-dependent microglial actions protect neurons, whereas blockade of microglial P2Y12 receptor signaling alone impaired cortical network function and increased calcium load and the area of ischemia-induced disconnection within 2 hours after stroke (a clinically relevant time window). This increase in brain injury was similar to that seen after the complete and selective elimination of microglia (37) . These protective microglia-and P2Y12 receptor-mediated effects were linked with mitochondrial actions initiated upon neuronal injury because the diazoxide (a KATP channel opener)-abolished increases in microglial process coverage of neurons after stroke were similar to those seen after blockade of P2Y12 receptor signaling.
All of these results unequivocally indicate that microglia continuously monitor neuronal status through somatic junctions, rapidly responding to neuronal changes and initiating neuroprotective actions.
We propose that healthy neurons may constitutively release ATP and other signaling molecules at these junctions, communicating their "well-being" to microglia. In turn, disintegration of these specialized morphofunctional hubs caused by excitotoxicity, energy depletion, or other noxious stimuli may trigger rapid and inherently protective microglial responses, leading to the restoration of neuronal function or the isolation and phagocytosis of dying neurons in case terminal neuronal injury occurs (55) . Along with P2Y12 receptor-mediated microglial process recruitment, it is likely that a broad range of signals is integrated at somatic microglial junctions and, through these, microglia may sense products of neuronal exocytosis and changes in the cell membrane (e.g. apoptotic signals) and alter the duration of physical contact or initiate phagocytosis. The most im-portant open research areas include the clarification of additional signaling mechanisms (vesicular and nonvesicular) involved in neuronto-microglia communication at these junctions and the mechanisms of microglial neuroprotection (e.g. regulation of neuronal ion fluxes, neuronal calcium dynamics, or the metabolism of neuronal mitochondria). Because the role of microglia-neuron somatic junctions in most brain diseases is completely unknown, microglianeuron interactions through these sites may differ in different forms of acute and chronic neuropathologies.
